INTRODUCTION
============

Antimicrobial resistance is an increasingly serious problem recognized as one of the greatest global threats to human health.^[@R1]^ Seven decades of medical advances enabled by the introduction of antibiotics are currently threatened by the rise of multidrug-resistant and extremely resistant hospital pathogens such as *Staphylococcus aureus*, Enterobacteriaceae, and *Acinetobacter baumannii*.^[@R2]--[@R5]^ Infections caused by multidrug-resistant bacteria result in high morbidity and mortality in critically ill patients and incur massive healthcare costs.^[@R6]^ The annual financial burden of antimicrobial resistance is estimated to exceed US\$20 billion in the USA and €1.5 billion in Europe.^[@R7],[@R8]^

Antibiotics use is the most important factor responsible for antibiotic resistance. Overuse or misuse of antibiotics can increase selective pressure, which is an important determinant of the emergence and dissemination of resistant organisms.^[@R9]^ Therefore, the measurement of antibiotic consumption is important to enhance understanding of the epidemiology of antimicrobial resistance and to implement appropriate policies.^[@R10]^ Surveillance programs for antibiotic consumption have been initiated in several countries, and, consequently, national antibiotic policies have been formulated.^[@R11]--[@R14]^ In 2012, the World Health Organization (WHO) established a worldwide strategy encompassing the 5 most important fields for the containment of antibiotic resistance: surveillance, rational use in humans, rational use in animals, infection prevention and control, and innovation.

The prevalence of antimicrobial resistance has increased gradually among major bacterial pathogens in the Republic of Korea (ROK) in recent years. According to the Korean Nationwide Surveillance of Antimicrobial Resistance (KONSAR) study, the prevalence of extended-spectrum β-lactamase (ESBL)-producing *Klebsiella pneumoniae* and carbapenem-resistant *A baumannii* increased to 32% to 46% and 59% to 64%, respectively, among clinical isolates collected in 2011.^[@R15]^ However, no nationwide surveillance program on antibiotic consumption has been established. The limited nationwide data available on antibiotic consumption are based solely on sales data from the Korean Pharmaceutical Manufacturers Association.

The purpose of this study was to determine the quantities and patterns of antibiotic consumption in the ROK from 2008 to 2012 on the basis of population-wide reimbursement data and to provide highly reliable nationwide data on antibiotic consumption. In addition, this study investigated the trends in consumption of major antibiotic subgroups in the context of changing multidrug resistance epidemiology and evaluated the respective antibiotic prescriptions after implementation of the public health policy of antibiotic stewardship programs. For future antibiotic stewardship, this study can provide baseline information on the recent status of antibiotics overuse or misuse.

METHODS
=======

Study Design and Setting
------------------------

A retrospective nationwide population-based descriptive study was conducted in the ROK from January 1, 2008 to December 31, 2012. The quantities and patterns of total systemic antibiotic prescription were analyzed using National Health Insurance (NHI) claims data collected through the Health Insurance Review and Assessment (HIRA) service. Systemic antibiotics are available only with a prescription issued by a physician and are dispensed by pharmacies. Antiviral agents, antifungal agents, parasiticides, antituberculosis agents, and antileprosy agents were not included in the present analysis.

The ROK established universal population coverage through NHI in 1989. The NHI covers 97.1% of the population (∼50 million people), and the Medical Aid program covers the other 2.9%.^[@R16]^

The HIRA service has implemented antimicrobial stewardship programs to monitor antibiotic prescription patterns and to report performance feedback for upper-respiratory infections and surgical antimicrobial prophylaxis started in 2006 and 2007, respectively, for all medical institutions except private clinics.^[@R17],[@R18]^ Assessment of the optimal surgical prophylaxis included the optimal timing, type, and duration of perioperative antibiotics for patients undergoing gastric surgery, colorectal surgery, gallbladder surgery, hip and knee total arthroplasty, hysterectomy, cesarean section, cranioplasty, prostatectomy, and glaucoma treatment.

The protocol of the present study was approved by the HIRA Institutional Review Boards. The boards waived the need for informed consent owing to the nature of the research.

Data Source
-----------

All data were obtained from the electronic database of the HIRA service. Patient information linked to the health insurance claims included demographic characteristics, administrative data, medicine claims, and medical conditions. Patient names and national registration numbers were not provided to protect patient confidentiality. Medical institutions were categorized according to the number of licensed beds, facilities, and types of specialty care as follows: private clinic (\<30 beds, n = 42,434), hospital (30--99 beds, n = 2513), general hospital (≥100 beds and 6--9 types of specialty care, n = 272), and tertiary care hospital (≥500 beds and ≥20 specialties, n = 44).

Measures of Antibiotic Consumption
----------------------------------

Prescriptions for systemic antibiotics for ambulatory and hospital care were collected with additional patient information in a separate database using measures on a monthly or yearly basis from 2008 to 2012. Antibiotic utilization data were standardized according to Anatomical Therapeutic Chemical (ATC) classification with the defined daily dose (DDD) as a measurement unit, as recommended by the WHO Collaborating Centre for Drug Statistics Methodology.^[@R19]^ The DDD is the assumed average maintenance dose per day for a drug used for its main indication in adults. Antibiotics consumption expressed in DDDs per 1000 people per day was used as a proxy for prescriptions in order to multilaterally interpret current trends on a national level, thereby enabling international comparison. Population-weighted antibiotics consumption was calculated as follows: \[total antibiotics consumption amount (g)/DDD (g) × duration of consumption (days) × total population\] × 1000. The estimated total population of the ROK was 49,404,648--50,948,272 from 2008 to 2012.^[@R20]^

Statistical Analysis
--------------------

Baseline characteristics, such as age, sex, and prescription information, were categorized as appropriate. Continuous variables are expressed as mean ± standard deviation or median (range), while categorical variables are expressed as percentages within each group. Nonparametric methods such as the Kruskal--Wallis test and Mann--Whitney *U* test were performed to assess differences in antibiotic use by age group, medical institution category, and sex. A regression model with autoregressive errors and a linear regression model using measures on a per-month and per-year basis, respectively, were used to determine the antibiotic consumption trends. Time-series analysis with an autoregressive integrated moving average model was performed to assess the seasonality of the monthly consumption of antibiotics. Statistical significance was defined a priori as *P* \< 0.05. All analyses were performed using IBM SPSS Statistics version 20.0 (IBM Corporation, Armonk, NY), R 2.15.2 (The R Foundation for Statistical Computing, Vienna, Austria), and SAS 9.2 (SAS Institute Inc., Cary, NC).

RESULTS
=======

Overall Consumption of Systemic Antibiotics
-------------------------------------------

During the study period, the total consumption of antibiotics for systemic use (DDD per 1000 people per day) increased from 21.68 in 2008 to 23.12 in 2012, representing a stable upward trend with a 1.1-fold difference (Table [1](#T1){ref-type="table"}). The ROK population-weighed mean antibiotic consumption was 22.28 ± 0.58 DDD per 1000 people per day during the 5-year study period. The antibiotic consumption rate was significantly higher in outpatient settings. The antibiotic consumption rate attributable to outpatient use was 80.9% with a mean quantity of 18.02 DDD per 1000 people per day. The rate of inpatient antibiotics use was 19.1% with a mean quantity of 4.26 DDD per 1000 people per day (Table [1](#T1){ref-type="table"}).
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Consumption by Antibiotic Subgroup
----------------------------------

Penicillins (population-weighted mean consumption: 4.52 DDD per 1000 people per day) were the most commonly used antibiotics subgroup, followed by 2nd-generation cephalosporins (4.47 DDD per 1000 people per day), macrolides (3.32 DDD per 1000 people per day), and fluoroquinolones (2.75 DDD per 1000 people per day). Similar antibiotics consumption patterns were observed in outpatient settings (Table [1](#T1){ref-type="table"}). However, aminoglycosides and 3rd-generation cephalosporins were used more frequently in inpatient settings (0.78 and 0.62 DDD per 1000 people per day, respectively).

Five-Year Trends in Antibiotic Consumption
------------------------------------------

In the regression model with autoregressive errors, the monthly overall antibiotic consumption trends remained stable throughout the study period (coefficient for time = 0.002, *P* = 0.2029). However, significantly increased trends were observed for 3rd-generation cephalosporins (coefficient for time = 0.0005, *P* \< 0.001), carbapenems (coefficient for time = 0.00005, *P* \< 0.001), and glycopeptides (coefficient for time = 0.00002, *P* \< 0.001; Figure [1](#F1){ref-type="fig"}A). In addition, there were significantly increased trends for consumption of other antibiotic subgroups used for therapeutic options against multidrug-resistant microorganisms, including colistin (coefficient for time = 0.000005, *P* \< 0.001), linezolid (coefficient for time = 0.000002, *P* \< 0.001), and tigecycline (coefficient for time = 0.000005, *P* \< 0.001; Figure [1](#F1){ref-type="fig"}B). Metronidazole, a first-line antimicrobial agent against *Clostridium difficile* infection, also exhibited a significantly increased consumption trend (coefficient for time = 0.0003, *P* \< 0.001; Figure [1](#F1){ref-type="fig"}C). In contrast, the consumption of aminoglycosides showed a significantly decreased trend (coefficient for time = −0.0004, *P* \< 0.001; Figure [1](#F1){ref-type="fig"}D).
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The rate of consumption of antibiotics for systemic use appeared to be significantly lower during summer months than during other seasons, reflecting seasonality of antibiotic use. The average monthly consumption of antibiotics (DDD per 1000 people per day) in spring, summer, fall, and winter was 1.98 ± 0.12, 1.70 ± 0.16, 1.95 ± 0.13, and 1.96 ± 0.20, respectively (*P* \< 0.001). Furthermore, the consumption rate was significantly higher during the influenza season (ie, November through April) than otherwise (1.98 ± 0.16 vs 1.81 ± 0.18 DDD per 1000 people per day, *P* \< 0.001). This was evidenced by more frequent prescription of commonly used antibiotics such as penicillins, macrolides, and fluoroquinolones during the influenza season (Fig. [2](#F2){ref-type="fig"}). Antibiotic consumption was noted to fluctuate with the seasons in the time-series analysis. The monthly antibiotic consumption in the preceding 12 months (ie, the independent variable, time t − 12) was significantly associated with antibiotic consumption of the corresponding month (ie, the dependent variable, time t).

![Seasonal trends of consumption among subgroups of antibiotics commonly used in the Republic of Korea from 2008 to 2012 (defined daily dose per 1000 people per day).](medi-94-e2100-g003){#F2}

Consumption of Antibiotics Stratified by Age Group, Sex, and Type of Medical Institution
----------------------------------------------------------------------------------------

Systemic antibiotic consumption with respect to age group is shown in Table [2](#T2){ref-type="table"}. Children younger than 9 years of age old exhibited disproportionately higher rates of consumption of penicillins, macrolides, and 3rd-generation cephalosporins (2.2-, 2.0-, and 2.6-fold greater, respectively) when compared with people ages 10 to 59 years old. Use of fluoroquinolones was very low in patients' ages 0 to 19 years old, as their use is not generally recommended in pediatric patients. The rate of consumption of systemic antibiotics was higher in women than in men. However, the proportional consumption of the most commonly used antibiotics did not differ between sexes (Table [3](#T3){ref-type="table"}). Private clinics had the highest usage rate of several classes of antibiotics, including penicillins, 1st- and 2nd-generation cephalosporins, macrolides, aminoglycosides, and fluoroquinolones. Third-generation cephalosporins and fluoroquinolones were more frequently used in general and tertiary care hospitals (Table [3](#T3){ref-type="table"}).
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Five-Year Changes in the Consumption of Perioperative Antibiotics
-----------------------------------------------------------------

The HIRA service\'s policy aiming to improve the optimal surgical prophylaxis was being continuously implemented throughout the study period. Therefore, the changes in perioperative antibiotics consumption were assessed in patients who underwent surgery under monitoring by the antimicrobial stewardship programs on an annual basis. The overall prescription patterns of antibiotic subgroups differed between surgical and nonsurgical patients. First-, second-, or third-generation cephalosporins were most frequently used in surgical patients, whereas penicillins, 2nd-generation cephalosporins, and macrolides were prescribed most commonly in nonsurgical patients (Table [4](#T4){ref-type="table"}). Although antibiotic usage by surgical patients being monitored by the antimicrobial stewardship programs accounted for only a small proportion of the total antibiotic consumption by surgical patients, prescription of perioperative antibiotics for those patients decreased significantly for 1st- (*P* = 0.003), 2nd- (*P* = 0.004), and 3rd-generation (*P* = 0.018) cephalosporins (Table [5](#T5){ref-type="table"}). In contrast, the prescription of 1st-generation cephalosporins (*P* = 0.008), carbapenems (*P* = 0.002), and fluoroquinolones (*P* = 0.006) increased significantly for surgical patients who were not being monitored by antimicrobial stewardship programs (Table [5](#T5){ref-type="table"}). Aminoglycosides consumption rates decreased continuously in surgical patients overall during the 5-year study period (Table [5](#T5){ref-type="table"}).
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DISCUSSION
==========

The present study investigated the quantities and patterns of systemic antibiotic consumption in the ROK by analyzing the reimbursement claims data provided by the HIRA service from 2008 to 2012. During the study period, the rate of consumption of major antibiotic subgroups used primarily for serious multidrug-resistant gram-negative and -positive bacterial infections increased significantly. On the other hand, the rate of perioperative cephalosporins use was noted to have a significant decrease for a subgroup of surgical patients being monitored by antibiotic stewardship programs. Our study represents the first reliable data for the population-weighted consumption of major classes of individual antibiotics in the ROK using measurement of DDD per 1000 people per day in accordance with the ATC classification system. Therefore, results from the present study reflect the recent status of antibiotic consumption in the ROK and they can be used for implementation of public health policies to prevent development of antimicrobial resistance resulting from overuse of antibiotics.

The levels of antibiotic consumption in the European Union (EU) and 12 non-EU European countries (DDD per 1000 people per day) were variable, ranging from 11.1 in Estonia to 42.3 in Turkey.^[@R21]^ However, the antibiotic consumption in the ROK (22.28 ± 0.58 DDD per 1000 people per day) was similar to those of certain European countries such as Spain (20.87), Slovakia (22.04), Iceland (22.11), and Poland (22.91) in 2012, based on the data from the European Surveillance of Antibiotic Consumption (ESAC) projects.^[@R22],[@R23]^

Analysis of antibiotic subgroups showed that penicillins were the most frequently used antibiotic subgroups in the ROK. Broad-spectrum penicillins (eg, amoxicillin, ampicillin, amoxicillin/clavulanic acid, and ampicillin/sulbactam) were used more frequently than narrow-spectrum penicillins, which was similarly observed in EU countries.^[@R22]^

Compared to the ESAC-Net countries, the ROK consumed higher volumes of 2nd-generation cephalosporins and macrolides.^[@R22]^ Owing to current high rates of resistance to 2nd-generation cephalosporins (61.3%) and macrolides (77.7--83.1%) by *Streptococcus pneumoniae* as well as to macrolides (62.9%) by *Mycoplasma pneumoniae* in the ROK,^[@R24]--[@R26]^ routine use of 2nd-generation cephalosporins and macrolides must be carefully evaluated based on local antibiotic susceptibility patterns to prevent indiscriminate antibiotic usage, particularly in treatment of community-acquired pneumonia.

The increasing prevalence of multidrug-resistant bacteria has recently become a serious issue in healthcare settings in the ROK. After the Infectious Disease Control and Prevention Act was enacted in December of 2010, infections caused by 6 types of multidrug-resistant bacteria have become legally reportable diseases for a sentinel surveillance program.^[@R27]^ The increasing trend of carbapenem consumption observed in the present study is comparable to the increasing prevalence of ESBL-producing *Escherichia coli* and *K pneumoniae* isolates in the ROK.^[@R15]^ Increased use of carbapenems invariably exerts selective pressure, leading to the development of inactivating carbapenemase with emergence of carbapenem-resistant organisms. These have been particularly complicated in the management of multidrug-resistant gram-negative infections where carbapenem has been regarded as a last resort for effective treatment.^[@R28]--[@R30]^ Likewise, other antibiotics used for treating multidrug-resistant gram-negative bacterial infections such as colistin and tigecycline exhibited increasing consumption trends. The use of glycopeptides in the ROK also appeared to be increasing, similar to their use in many countries.^[@R31]^ Our findings of the increased consumption of antibiotic subgroups used to treat multidrug-resistant organisms are consistent with a recent report by Kim et al^[@R32]^ on the changing patterns of antibiotic usage in Korea based on wholesalers' data provided by the Korea Pharmaceutical Manufacturers Association.

In the present study, private clinics had the highest rates of penicillins, 2nd-generation cephalosporins, and macrolides usage. In addition, private clinics had approximately 8 to 9 times higher consumption rates of penicillins, 3rd-generation cephalosporins, and macrolides than did hospitals. Thus, the development and implementation of an antimicrobial stewardship program for private clinics should be considered for further guidance of rational use of antibiotics without overuses.^[@R33]--[@R35]^ Of note, the proportion of antibiotics consumption in the inpatient settings (19.1%) was found to be higher in the ROK than in many other European countries (5--10%).^[@R31]^

High volumes of antibiotics were administered during winter months in the seasonal trends analysis of this study. This might be associated with an increased prevalence of bacterial infections following respiratory virus infections and/or misuse of antibiotics to treat seasonal viral infections. It is noteworthy that a periodic pattern of increasing antibiotic consumption in winter months has not been seen since 2011 (Fig. [2](#F2){ref-type="fig"}), reflecting the impact of the antimicrobial stewardship program for upper-respiratory infections conducted by the HIRA service. In fact, the HIRA service began to penalize hospitals that received unfavorable scores due to public disclosure of antibiotic prescription quality since 2011. Chun and Cheong^[@R36]^ evaluated the Korean policy and reported that the prescription rate of antibiotics for upper-respiratory tract infections decreased from roughly 50% in 2005 to 40% in 2009 in hospitals, including tertiary care and general hospitals. In addition, the decreased consumption of perioperative antibiotics in the subgroup of surgical patients under monitoring by antibiotic stewardship programs suggests the potential efficacy and impact of a monitoring program itself to result in a substantial benefit.

This study has some limitations. First, as with the reimbursement claims database elsewhere, the data source analyzed in this study might have limited information on record of care received, diagnoses, microbiological data, and inconsistencies in use of coding systems, among others. Thus, confounding factors from unmeasured clinical variables might have affected our antibiotic consumption for specific types of infections (eg, multidrug-resistant bacterial infections). In addition, our data source did not contain nonreimbursed antibiotic use. Nonetheless, antibiotic usage data driven from wholesalers' data in the previous study were roughly comparable to those drawn from reimbursement claims data in this study except use of fluoroquinolones.^[@R32]^ Disparity of fluoroquinolones usage between the 2 studies requires further examination. Second, this study evaluated the potential impact of antimicrobial stewardship on perioperative antibiotic prescriptions, which was an explanatory investigation. Larger prospective studies are needed to evaluate the impact of antimicrobial stewardship on surgical prophylaxis. Third, the DDD measurement was equally applied to pediatric patients and adult patients with diminished renal function. As the DDD is determined on the basis of antibiotic use in adult patients with normal renal function, the volumes of the relevant antibiotics expressed in DDDs in those patients might have been underestimated.^[@R37],[@R38]^

In conclusion, the present study provides the first comprehensive data on population-weighted systemic antimicrobial consumption in the ROK. The findings highlight the necessity of antimicrobial stewardship, especially for very young children and for private clinics in outpatient settings. Furthermore, this study provides valuable baseline data for establishment of public health strategies for the containment of antibiotic resistance as well as the guidance of antimicrobial prescription. Considering the increasing prevalence of antimicrobial resistance in clinical practice, national surveillance projects to monitor antimicrobial consumption and resistance are urgently required in order to formulate appropriate antibiotic prescription policies in the ROK.

Abbreviations: ATC = Anatomical Therapeutic Chemical, DDD = defined daily dose, ESAC = European Surveillance of Antibiotic Consumption, ESBL = extended-spectrum β-lactamase, EU = European Union, HIRA = Health Insurance Review and Assessment, KONSAR = Korean Nationwide Surveillance of Antimicrobial Resistance, NHI = National Health Insurance, ROK = Republic of Korea, WHO = World Health Organization.
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